Abstract-We estimate link reliabilities for IS-54/136 digital cellular handsets operating with or without an equalizer in urban, suburban, rural, and mountainous environments. We define the reliability of a user's receiver as the probability that the bit error rate (BER) is less than some specified value. The probability is taken over all mobile positions in a cell area and the BER is averaged over multipath fading.
I. INTRODUCTION

E
QUALIZATION is currently a requirement in the North American time-division multiple-access (TDMA) cellular/personal communication system (PCS) standard (IS-54/136) [1] . (The results in this paper apply to both IS-54 and IS-136 handsets. For convenience, we refer to the digital cellular standard as IS-136 hereafter.) The standard states that a receiver should provide a bit error rate (BER) no greater than 3% over a two-path channel with: 1) equal average-power in each path and 2) a relative path delay up to the symbol period s. The cost associated with meeting this requirement is significant: it requires an equalizer that adds up to 10 MIPS of processing load in handsets.
The above channel condition is overly pessimistic for many cellular operating environments. In fact, some environments may not require equalization at all. The purpose of the study reported here was to determine which ones do need some way of combating multipath dispersion, and which ones do not.
There have been other studies of equalization in the North American TDMA standard (e.g., [2] ), however, this is the first, to our knowledge, that incorporates the joint statistics of rms delay spread and path loss to obtain probability of outage. The organization of the paper is outlined in the next section.
II. METHODOLOGY
The receiver performance criterion we are interested in is service reliability. That is, we ask the question: over what percentage of a cellular service area would users get good communication quality? The answer to this question depends on the following key factors:
• type of receiver processing (e.g., type of equalization);
• propagation environment of the service area;
• cell size, and other cellular engineering factors;
• distribution of mobile speeds. The quality of digital cellular communication can be measured in a number of ways, ultimately relating somehow to the user's perception of quality. One reasonable measure in voice communication is the BER averaged over a syllabic period, which is on the order of 1 s. In cellular propagation environments, this often translates into averaging the probability of error over multipath fading, which is a result of the mobile moving through a multipath field. In cases where the mobile is stationary or moving very slowly, e.g., at walking pace, averaging the BER over multipath fading can be a misleading measure. In our study, nevertheless, the worst outage problems occur at high speeds, which warrants the use of the average BER metric. A typical quality criterion is for the average BER to be less than 3% before any error correction in the receiver.
As we shall see, the average BER of a specified receiver can often be estimated based on just four key parameters: 1) signal-to-noise ratio (SNR) 1 ; 2) shape of multipath delay profile; 3) rms delay spread ; and 4) mobile speed. Based on a large body of propagation literature, the behavior of the first three parameters is well understood in a range of propagation environments (we shall see, however, that there are some gaps in the knowledge base). Thus, also given other assumptions about cell sizes and cellular engineering, we have at our disposal the necessary tools for predicting the service reliability of a range of receivers operating in a range of cellular environments and over a range of mobile speeds. Fig. 1 illustrates, in block diagram form, a usable methodology. The block labeled "SNR, Delay Spread Generation" is a Monte Carlo simulation program which, for a specified cell size and set of propagation model parameters, outputs thousands of pairs of SNR and
The model for the joint distribution of SNR and is presented in Section III. The block labeled "Receiver Performance Analysis" is a computer program that performs bit-level simulation of a user terminal's receiver in response to signal plus noise (or interference). For a given specification of the multipath delay profile, receiver processing mode (e.g., differential detection with no equalizer, coherent detection with equalizer), and vehicle speed, it outputs files of average BER as a function of the receiver input SNR and the delay profile's rms delay spread, This program is discussed in Section IV. For each pair of SNR and , the block labeled "Interpolation" searches in the files of BER(SNR, ) and computes the appropriate value of BER. Because the receiver simulations require long run times, the files of BER(SNR, ) are fairly short, hence, the need for interpolation. After doing this over the full population of (SNR, ) pairs, this block outputs the cumulative density function (CDF) of BER. The CDF value at any given BER represents the link reliability at that performance level, i.e., the average fraction of user terminals in the cell that will experience that BER value or less. Note that vehicle speed is a fixed parameter in any such computation, and that we have generated reliability numbers for different speeds. We present the reliability results in Section V.
An alternative method is as follows. The files of BER(SNR, ) are used to derive contours of constant BER in the SNRplane, and the simulations of the (SNR, ) pairs are used to produce a scatter plot within that plane. For a given value of BER , the fraction of points that lie to the right and below the BER contour represents the link reliability at that BER value.
We have used both of the above methods in our study. Most link reliability results, however, are derived using the second method, with BER %.
III. PROPAGATION MODEL
A. General
We classify a cellular service environment as urban, suburban, rural, or mountainous. By a mountainous area, we mean a small-to-medium-size city or suburban area surrounded by snow-covered mountains or mountain ranges (e.g., Denver or Salt Lake City). This class could also include a light-urban or suburban area near an urban center with large skyscrapers, e.g., Newark, NJ, which is about 10 km from downtown Manhattan.
In all four environments, multipath scattering causes fading and dispersion. We assume that local multipath scattering (from scatterers relatively close to the base station or mobile) causes Rayleigh fading with the dynamics discussed in Section IV. Dispersion is characterized by a power delay profile with an associated rms delay spread, both of which are dependent on the propagation environment.
For typical cell sizes, the propagation environments of urban, suburban, and rural areas tend to produce delay spreads which are less than 1/8 of the IS-136 symbol period. This makes performances in these environments almost independent of the delay profile shape [3] , [4] , so we can characterize their dispersion by the delay spread parameter alone.
Mountainous areas, however, require special treatment. The mountains can cause relatively strong reflections which result in delay spreads possibly as large as, or even greater than, the IS-136 symbol period. The shape of the delay profile can thus be critical in assessing performance.
B. SNR-Delay Spread Model
1)
Model Description: Our model for signal attenuation and delay spread, in all environments, is based on the one reported previously [5] . We summarize the model here.
1) Signal-to-Noise Ratio. The locally averaged SNR is given by
where is distance in kilometers, is the median value of SNR at km, is an exponent that lies between three and four, and is a lognormal variate. Specifically, is a Gaussian random variable over the terrain at distance having zero mean and a standard deviation , which lies between 6-12 dB. (Note that [5] specifies the path gain [6] , rather than the SNR. However, the SNR is directly proportional to the path gain, so modifying the model is simply a matter of choosing the appropriate value for ) 2) Delay Spread. The rms delay spread is given by (2) where is the median value of at km, is an exponent that lies between 0.5-1.0, and is a lognormal variate. Specifically, is a Gaussian random variable over the terrain at distance having zero mean and a standard deviation , which lies between 2-6 dB. is chosen for each environment, via computer simulation, such that the SNR is greater than 18 dB over 95% of the cell area. This criterion is equivalent to ensuring that the SNR in a 30-kHz bandwidth is greater than 17 dB, which is a typical design criterion for analog AMPS systems. Thus, when we estimate service reliability for an IS-136 link, it can be regarded as compared to 95% reliability in an AMPS system with the same cell size and average transmit power.
All other parameter values we assume for our model are specific to the environment and summarized in Table I . (As examples of typical delay spreads, we also show the corresponding values of median delay spread taken over the cell area.) The parameter values chosen for the first three environments are good representations of those derived from propagation measurement data reported in the literature, and typical variations in them do not have a great impact on the service reliabilities we estimate. By contrast, the parameter values shown for mountainous areas are derived from a scant supply of data, so we list ranges of values. The actual values specified have a marked influence on service reliability in this environment.
C. Delay Profile Model
For simplicity, we assume a double-spike (or "two-path") delay profile for all environments. That is, we characterize propagation by two clusters of multipath signals with:
• a delay between the two clusters; • a power ratio of the first cluster's average power to the second cluster's average power 2 ; • independent Rayleigh fading in each cluster. 2 Unless written as 1 (dB) or quantified in units of decibels, 1 is assumed here to be a ratio of powers. The same applies to all other power ratios hereafter.
The rms delay spread of this delay profile is given by [3] , [4] (3)
Rearranging (3), we get as a function of and (4) In our reliability study, we use this delay profile model in two ways. 1) Standard Two-Path Model. Here, we assume equal average power in each path so from (3) we have That is, the delay between clusters varies with rms delay spread. 2) Variable Relative-Power Model. In this case, we fix the value of , and varies with rms delay spread according to (4) . The standard two-path model is adequate for urban, suburban, and rural areas because performance tends to be only weakly dependent on the delay profile shape (and, therefore, on ) anyway. On the other hand, performance in mountainous areas is sensitive to the delay profile shape, so we study mountainous-area performance for both versions of the doublespike model. Even so, two-cluster propagation is still only one possible scenario in mountainous areas, so we should treat our results with caution. We now discuss the special considerations for mountainous areas.
D. Considerations for Mountainous Areas
1) Validity of Delay Profile Model:
The propagation literature reports very little on delay profiles in mountainous areas. Although there are some measurements which validate the double-spike model [7] - [11] , there are just as many (or just as few) which make a significant departure from it. For instance, some measurements show a continuum of strong received power over a large range of delays. In these cases, the delay profile might be better modeled by an exponential, or even a uniform shape.
Lacking adequate data, however, we persevere with the simple double-spike model described in Section III-C. The following scenario describes how two-cluster propagation can come about in a mountainous area.
1) The first cluster comes from conventional urban/suburban propagation, i.e., a median path loss which increases as a power of base-mobile separation, and shadow fading from large randomly located objects in the environment (typically, objects within the mobile's cell).
2) The second cluster comes from strong reflections from a nearby mountain. Its median path loss increases as the distance to the mountain increases, but because there may be a high likelihood of line-of-sight between either the mobile and the mountain or the base station and the mountain (or both), we might expect its path-loss exponent to be smaller than that of the first cluster. Also, the statistical behavior of shadow fading in the second cluster might be quite different from that of the first cluster. The dispersion within each cluster (i.e., due to local scattering and, in the second cluster, to multiple reflections from the mountain) is sometimes small compared with: 1) the average delay between the clusters and 2) the symbol period. In this case, the channel can be well-modeled by the double-spike profile.
As discussed in Section III-C, we analyze service reliability in mountainous-areas for two versions of the double-spike model: 1) the standard two-path model, with equal average power received in each cluster and 2) the variable relativepower model, with a fixed value and a variable value of Although using the first approach gives us useful comparisons with reliabilities in other environments, we suspect that the second approach represents a more realistic scenario. That is, it is more likely that there would be a large variation in the relative power of the received clusters (owing mainly to large path-loss variations in the direct path) than there would be a large variation in the delay between clusters (the length of a mountain-reflected path is unlikely to change a great deal as the mobile moves around).
As we shall see, the double-spike models serve to illustrate the problems mountainous areas might cause for some receivers. That is, if we can determine that a receiver does not perform well in a double-spike channel, we can conclude that it would not be reliable in mountainous areas, since twocluster propagation is a frequent enough reality. On the other hand, one should interpret any derived reliability figures with some caution, since we cannot, among other things, be certain of how often mountainous propagation tends to comprise just two dominant clusters.
2) Examples of Distributions: Fig. 2 shows distributions of via (4) taken over examples of -distributions in mountainous areas (see Section III-B), i.e., over all mobile positions within a cell of radius 8 km. We have further assumed that the value of is fixed over the cell area (i.e., we assume the variable relative-power model described in Section III-C); we specified the two values s and s. To ensure that a high percentage 99%) of the distribution's values are smaller than (i.e., the theoretical maximum of for double-spike channels), we set s and dB in the first example s) and s and dB in the second example s). These choices are physically reasonable since we expect that if the mountains are further away: 1) median delay spreads may increase, and 2) there is likely to be more variation in and thus in because the mountains have a higher likelihood of being obscured by buildings.
If we ignore the impact of signal fading (i.e., the distribution of SNR), we can think of the probability on the ordinate as link reliability. From the 40-s curve, for example, we can say that, for 95% reliability, we require a receiver that can handle dB at a given BER requirement. Bear in mind that these distributions are only examples based on one choice of mountainous delay-spread statistics from Table I . Nevertheless, the application of this kind of result will become clear in our discussions of reliability (Section V).
IV. RECEIVER PERFORMANCE ANALYSIS
In this section, we describe the receiver performance analysis part of our methodology, as outlined in Section II. In particular, we detail what is in the box on the left in Fig. 1 and show some of its outputs for certain input specifications. First, however, we delineate the two kinds of receiver structures-one equalized, the other not-whose relative performances are at the heart of this research.
A. Receiver Structures
We have examined the behavior of two types of receivers, or detection modes, for IS-136 handsets. One uses noncoherent differential detection and because of its nonlinear detection mode, it is not equalized. The other uses coherent reception and equalization. Both detection modes fit within the structure of Fig. 3 , which is a block diagram of the radio link simulated in our study. The advantages and disadvantages of these two receiver types are summarized in Table II. What can be said in general is that, at low delay spreads (say, less than , where is the symbol period), the differential detector's performance is acceptable and possibly superior to that of the coherent equalized receiver. Moreover, its performance holds up even at the highest likely mobile speeds, both at cellular and PCS frequencies. However, as delay spread increases, the coherent equalized receiver becomes superior. On the other hand, the adaptation algorithm for the latter receiver may degrade with increasing mobile speed.
These relationships are captured qualitatively in the speed/delay-spread diagram of Fig. 4 . The hatched regions correspond to "acceptable" performance by one or both receiver types. (For the coherent equalized receiver, the "acceptable" region is sensitive to the specifics of the equalizer used, e.g., the span of the forward section, optimality of the adaptation algorithm, etc.) The white area corresponds to "unacceptable" performance in both detection modes.
In Fig. 4 , corresponds to the delay spread being on the order of and corresponds to the delay spread being equal to the span of the equalizer's forward section. Beyond this value, the forward section cannot cover the impulse response of the channel and the entire energy of the received signal is not captured. Finally, the values of and (representing mobile speeds) depend on the details of the equalized and unequalized receivers, respectively. Whatever their values are for the cellular band, they will be scaled down by roughly 2.2 : 1 in going to the PCS band (the ratio of the carrier frequencies).
B. Simulation Program 1) Performance Metric:
We have developed a program that performs bit-by-bit (or symbol-by-symbol) simulation of IS-136 signals received over a time-varying multipath channel in interference and noise. We used this program to estimate the uncoded BER, averaged over the channel fading, as a function of SNR.
We assume a value of 0.03 (3%) to be the threshold of acceptable BER performance. Also, because our results for BER versus SNR are close to those for BER versus SIR (within 1 dB), we confine our presented results to the former.
2) Transmit Section: A maximal-length shift register sequence is used to create random data, corresponding to the channel-encoded speech coder output of the IS-136 downlink transmitter. After proper frame formatting based on the standard, the signal is mapped into -QPSK modulation. The resulting complex data stream is then filtered (using four-times oversampling) by a root-cosine rolloff filter with a rolloff factor of 0.35. The output signal represents the complex envelope of the transmitted downlink signal. Perfect linearity is assumed for the high-power amplifier, and the IF and radio frequency (RF) filterings are assumed to add no linear distortion.
3) Radio Channel: The radio channel response to the transmitted signal is simulated to follow the two-path model of Section III, where the two key parameters are the rms delay spread and the ratio of the average powers of the two Rayleigh paths.
The time variations of the two path gains must also be simulated, to include the combined effects of mobile speed and receiver processing. This is done by applying the Jakes model [12] to each of the two paths, i.e., the time variation of each path is simulated as an independent complex Gaussian process with a (one-sided) power spectrum density (5) where is the average power of the Rayleigh fading gain and is the maximum Doppler frequency. The latter is directly proportional to both mobile speed and carrier frequency, e.g., for a mobile speed of 100 km/h and a carrier frequency of 1.9 GHz, Hz. The time variations are produced by passing a stream of independent complex Gaussian samples through a filter whose power response is proportional to It is not necessary to simulate a separate filter for every mobile speed considered. Instead, we can accommodate different speeds by suitable interpolation.
The simulated radio channel also introduces additive white Gaussian noise or Rayleigh fading cochannel interference or both. The latter is simulated in the same manner as the desired signal, though flat fading is assumed, i.e., only one path. (For our purposes, the average power of the interferer is what matters, not whether the interferer experiences dispersion.) The interference power is calibrated so as to achieve the specified values of SIR. Likewise, additive Gaussian noise at the receiver is simulated by generating independent complex Gaussian samples, calibrated so as to achieve the specified value of SNR.
4) Receive Section:
Reception is simulated by first passing the receiver input samples through the same root-cosine rolloff filter as at the transmitter. The filtered samples are then sent to either a differential detector (noncoherent and unequalized receiver) or an equalizer (coherent and equalized receiver). In either case, the output samples are mapped into detected data bits and compared with the transmitted data bits. Mismatches between the two (bit errors) are counted and averaged over thousands of correlation times of the Rayleigh fading in the channels. In this way, BER can be estimated as a function of SNR or SIR for specified parameters such as and mobile speed.
5) Equalizer:
Although the simulation program is designed to accommodate various types of adaptive detectors in the coherent receiver, such as the equalizer discussed in [2] , the results computed here were strictly for a conventional decision feedback equalizer (DFE). For most wireless channels, linear equalizers are not suitable because severe in-band nulls can occur in the response, leading to noise enhancement by the equalizer.
Coherent receiver performance depends on the combined effects of equalizer structure and adaptation technique. Regarding the former, the forward section ideally is a whitened matched filter. However, in this application the number of taps is kept small in order to follow rapid changes in the channel response. Thus, the span of this section should be no greater than that of the channel impulse response. Also, the forward section should have fractionally spaced taps ( separation) to minimize sensitivity to symbol timing recovery.
The adaptation technique should be fast enough to follow changes in the channel response. The recursive least squares (RLS) technique is faster than least mean squares (LMS) for direct adaptation of equalizer taps and, since the number of taps is small, the computational complexity of the faster approach can be low.
To summarize, we have computed results for a conventional DFE having the following characteristics:
• three-tap or four-tap fractionally spaced forward section;
• single-tap feedback section;
• RLS adaptation technique;
• two sync words for training, with training starting from both sync words toward the maximum fade instant, as shown in Fig. 5 ; • fixed adaptation parameters, optimized for 60 km/h in 850-MHz links. More optimal DFE's than the one studied here are possible, leading to reductions in the required SNR and SIR for a given BER Another possibility is maximum likelihood sequence estimation (MLSE) with delayed decisions. This structure is not truly an equalizer, but an adaptive detector-it uses the channel estimates to calculate the likelihood function and updates the estimates with every new decision. Upgraded structures of these kinds will improve IS-136 performance, but only at a cost of significantly higher processing complexity. Fig. 6 shows the BER performance of differential detection in an IS-136 handset over a range of rms delay spreads. These results are for a mobile speed of 100 km/h and for a two-path channel with the same average power in each path ( dB). The results are quite flat with speed over a broad range, and they improve with increasing imbalance between powers (i.e., increasing ).
C. Simulation Examples
As can be seen, differential detection is a good receiver approach so long as the delay spread is less than about ( 5 s for IS-136). Also, its performance loss relative to coherent detection is less than the theoretical value of 2-3 dB because synchronization errors usually degrade coherent receiver performance. Results like those in Fig. 6 can be used to generate contours of constant BER in the SNRplane for this type of receiver. Fig. 7 gives a similar characterization for a coherent receiver with a conventional DFE with dB. The sharp degradation in going from s to s is due to the fact that the delay span of the channel goes from 40 s (fitting within the span of the forward section) to 60 s (exceeding that span). This shows that channel delay span can be more meaningful than delay spread in determining the performance of a finite-span equalizer. Either delay measure can be used as a parameter however. For a given delay spectrum, e.g., two-path with dB, each of these measures uniquely determines the other. Fig. 8 shows the BER performance of the equalized receiver for the same speed (30 km/h) and for a common rms delay spread (2 s), with as the parameter. Alternatively, Fig. 9 shows BER performance for fixed and (2 s and Fig. 10 shows reliability results for an urban area (3-km cell radius) and the cellular band (850 MHz). The dots represent the sample set of 10 000 randomly generated (SNR, ) pairs. (Recall that the SNR distribution is scaled such that 95% of the sample points are greater than 18 dB.) The lines represent performance contours for the criterion BER %. If a dot is to the right or below a given line, link quality is declared to be acceptable.
V. RELIABILITY RESULTS
A. Standard Two-Path Model
In this urban environment, only a small fraction ( 1%) of mobile locations tend to have rms delay spreads in excess of 5 s (less than 1/8 of the symbol period). Thus, as illustrated in Fig. 10 , the receiver without equalization copes reasonably well (93% reliability, only 2% less than analog FM reliability). Our studied equalizer can handle five-six times greater delay spreads (it also exploits the inherent diversity of a multipath channel), but reliability decreases somewhat at high speeds. Note, however, that if the equalizer had the ability to adapt its forgetting factor to changing mobile speeds (e.g., by monitoring the fade rate), it would offer a 2-3-dB improvement, which would make unequalized and equalized performances about the same at high speeds. Fig. 11 shows urban-environment reliabilities for a range of BER criteria. We produced similar results for suburban and rural environments (8-and 40-km cell radii, respectively), and found that in these environments: 1) equalized-channel reliability is approximately the same ( 1%) as that in the urban area and (b) unequalized-channel reliability is approximately the same ( 1%) as equalized-channel reliability with a mobile speed of 30 km/h. Fig. 12 shows reliability results for a mountainous area (8-km cell radius). We assumed the values s and dB from the ranges shown in Table I . The results show that, for the cell size specified, some kind of equalization is certainly required in these environments. Table III summarizes the reliabilities in all environments for the criterion BER %. We also studied the influence of the parameter on equalized channel performance in all environments [i.e., was fixed in a simulation, and was varied according to (3) ]. We found that increasing decreases both the equalizer's maximum tolerable delay spread and the inherent diversity gain (e.g., dB approximately halves the maximum tolerable delay spread and reduces the diversity gain to 0 dB). However, for the criterion BER %, this tends to decrease the reliability by only 1%-2% in urban, suburban, and rural areas, illustrating how reliability in these areas is insensitive to delay profile shape. In mountainous environments, on the other hand, the influence of the parameter was profound, which led us to the following study of mountainous-area reliability for the variable relative-power model outlined in Section III-C.
B. Variable Relative-Power Model in Mountainous Environments
To focus on the effects of intersymbol interference in mountainous environments, we analyzed the irreducible BER. This is defined as the average BER performance as SNR (i.e., ignoring noise), so it is the best a receiver can do for some specified multipath channel delay profile and mobile speed. Fig. 13 shows the irreducible BER, plotted against , for the two receivers studied in the above sections, plus a receiver with dual-antenna selection diversity. (In the idealized antenna diversity scheme assumed here, the branch with the smallest BER is selected.) Details of how irreducible BER's are computed for the unequalized receivers are given in the Appendix.
We have specified the values s and s for all receivers. For the unequalized receivers, these two values give the same worst case performance (i.e., approximately equal to a multiple of the symbol period), and for the equalized receiver, the first value is within the equalizer span and the second value is approximately equal to the span (i.e., we get a worse performance in the second case). All results are for a mobile speed close to 0 km/h (so we have eliminated degradations due to adaptation), although the BER is still averaged over many channel realizations.
For the requirement BER %, Table IV shows values  for the minimum allowable and, via Fig. 2 , examples of probabilities that would be greater than the minimum value. Note that, owing to signal fading and adaptation errors (particularly for the high-speed operation of the equalizer), the actual link reliability might typically be up to 15% worse than the probabilities shown in the table.
Once again, we see that some way of combating dispersion is certainly required in mountainous areas. The equalizer performs reliably if is well within the equalizer span, but as expected, not so well otherwise. Employing dual selection diversity may be more promising than employing the equalizer, as it would see a much smaller reliability degradation (as low as 1%) from signal fading and antenna-switching errors.
Whatever conclusions we draw about the relative performances of the above receivers, bear in mind that all the results are based on a channel model (i.e., two dominant clusters, rms delay spread being lognormally distributed, etc.) that is only partly supported by measurements reported in the literature. The above reliability figures should be treated only as illustrative of the problems mountainous areas can cause in IS-136 receivers.
VI. CONCLUSION
Based on new tools for modeling and simulating digital cellular links, we have determined that the equalization requirement for IS-136 is overly stringent for urban, suburban, and rural environments. This finding applies to the four-level modulation of the current standard and would have to be reconsidered for any subsequent revision involving higher level modulations.
For combating the problematic delay spreads in mountainous areas, various solutions are possible: for example: 1) higher complexity equalizers in handsets; 2) reduced cell sizes; 3) improved base-station antenna engineering (e.g., directional antennas); and 4) dual-antenna diversity in handsets.
APPENDIX COMPUTING IRREDUCIBLE BER
Rather than using involved bit-by-bit simulations, we use the following simple methods to compute irreducible BER's for differential detection-with and without selection diversity-operating in two-cluster Rayleigh fading channels.
DQPSK Performance
Including the effects of local multipath scattering, the ratio of the power received from the first cluster to that received from the second cluster is (A-1) where and are complex multipath fading gains in the first and second clusters, respectively, both normalized such that their mean-square values are one. Driessen and Greenstein have reported that the performance of DQPSK depends mainly on the magnitude of and only weakly on its phase [13] . Their results (for eye closure) can be used to show that a reasonable upper-bound on the irreducible BER is
where the probability is taken over the distributions of and Assuming and are both Rayleigh (this is worst case), we can thus easily obtain BER versus (dB) via the distribution of
Dual-Branch Selection Diversity
If two antennas were available in the receiver, one could design a switched or selection diversity scheme to select the branch that would yield the better performance. In the ISIlimited channel described above, the better branch would be the one with the larger magnitude of The irreducible BER is upperbounded by 
